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Available online 19 April 2016Reliable reconstructions of atmospheric carbon dioxide concentrations (pCO2) are required at higher resolution
than currently available to help resolve the relationship between mass extinctions and changes in palaeo-pCO2
levels. Such reconstructions are needed: 1, at a high temporal resolution for constraining the pre- and post-
extinction atmospheres; and 2, at a sufﬁcient spatial resolution to constrain potential inter-hemispheric differ-
ences. Here we estimate pCO2 based on fossil Lauraceae leaf cuticle specimens derived from three localities
with strata spanning the latest Cretaceous to the mid-Paleocene, including a new Cretaceous–Paleogene bound-
ary (K–Pg) locality, in New Zealand. We use two independent methods of stomatal density-based pCO2 recon-
structions; a transfer function calibrated using herbarium material and the stomatal ratio method, producing
three calibration sets. Our results based on the mean values of each of the three calibration methods indicate
pCO2 ranging between ca. 460 and 650 ppm during the latest Cretaceous, falling precipitously to average values
between ca. 360 and 430 ppmacross the K–Pg boundary, and further to ca. 305–320 ppm in themid-Paleocene. A
‘spike’ of extremely high pCO2 at the K–Pg could not be conﬁrmed, but our results are, nonetheless, consistent
with previously published pCO2 records from the Northern Hemisphere, and show that stomatal density world-
wide was responding to signiﬁcant changes in pCO2 across the K–Pg.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1.1. Global K–Pg climate and environmental change
The K–Pg boundary is well deﬁned in the form of a sharp layer of clay
in bothmarine and non-marine successions, and this level corresponds to
the major end-Cretaceous extinction event (Schulte et al., 2010). The
Chicxulub asteroid impact that hit the Yucatan Peninsula ca. 66 million
years ago (Ma) is generally seen as the principal driver of thismass extinc-
tion (Alvarez et al., 1980; Schulte et al., 2010), with the prolonged Deccan
trap volcanism probably exacerbating the negative environmental effects
(Keller, 2014). The Deccan volcanismmainly occurred during two distinct
pulses (Chenet et al., 2009 and references therein): one initiating ca.
400 kyr before the end-Cretaceous (Ravizza and Peucker-Ehrenbrink,
2003; Robinson et al., 2009) and a second pulse occurring during the
early Danian (Cripps et al., 2005). A ~4 °C warming has been correlated
to the initial Deccan volcanic activity (Wilf et al., 2003; Self et al., 2006),. Steinthorsdottir).
. This is an open access article underfollowed rather by an increase in diversity of the Maastrichtian terrestrial
biota instead of a diversity loss (Wilf et al., 2003). Radiometric dating
(Renne et al., 2013) clearly shows that the Chicxulub impact caused the
abrupt global ecosystem disruption (Buffetaut, 1990; Jiang et al., 2001;
Fastovsky and Sheehan, 2005; Gallager et al., 2012), although some
workers still assert Deccan trap volcanism as the only cause for the
mass-extinction (Keller, 2008, 2014).
The asteroid was vapourized at impact and formed, together with the
target rock (consisting of evaporates rich in carbonate and sulphur), a va-
pour plume cloud that expanded globally, such that dust and soot ﬁlled
the atmosphere, reducing sunlight at the Earth's surface (Vajda and
McLoughlin, 2004; Vajda et al., 2015). Importantly, nanoparticles were
formed during this high-energy process, in turn forming nuclei for water
and sulphuric acid aerosol droplets (Ohno et al., 2014), that effectively
protracted the initial dimming/cooling phase (Wigforss-Lange et al.,
2007; Vajda et al., 2015). This led to an immediate decrease in primary
productivity, and was followed by mass extinction of both autotrophs
andheterotrophs. Extinction rates of 50–75% at species level have been in-
ferred (Raup and Sepkoski, 1982; Wilf and Johnson, 2004; McElwain and
Punyasena, 2007), together with fundamental shifts in plant ecologicalthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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extinction can be recognized at millimetre level through the study of,
e.g., assemblages of spores and pollen, dinoﬂagellates, and foraminifera
in the terrestrial and marine realms globally (Schulte et al., 2010).
This major biotic crisis compounded the substantial impact on the
global carbon cycle (Vajda, 2012), when primary productivity and
thus sequestration of carbon into living organisms ceased. At the same
time, decomposition of organic matter accelerated. On land, fungi
appear to have played a major role in balancing the carbon cycle.
Saprotrophic decomposition is a key process in all ecosystems and con-
stitutes the second largestﬂux in the global organicmatter cycle follow-
ing primary production (Sterner and Elser, 2002). Principally, brown-
rot basidiomycetes and white-rot fungi, have extraordinary capacities
to degrade the resistant lignin-rich materials and cellulose of plants
using enzymes in association with bacteria (Vajda, 2012). Evidence of
the fungal activity can be seen in a thin layer within the iridium-
enriched interval of the K–Pg boundary clay at Moody Creek Mine,
New Zealand, from which the palynological residue is dominated by
fungal spores (Vajda and McLoughlin, 2004). In terrestrial deposits,
this interval has so far been detected only from the New Zealand K–Pg
boundary successions, probably owing to the high sample resolution (at
millimetre scale) but it is matched in the marine realm by records of in-
creased microbial activity from the basal part of the boundary clay at
Stevns Klint, Denmark (Sepúlveda et al., 2009). The fungal/
microbial interval is followed globally by a fern-dominated interval, the
so-called fern spike, extending for ca. 10–50 cm in the non-marine suc-
cession of the North American western interior and New Zealand
(Vajda and Bercovici, 2014). This fern spike is in turn followed by a stable
phase dominated by new angiosperm taxa in North America and gymno-
sperm pollen in the New Zealand record (Vajda and Bercovici, 2014).
In order to test both the long- and short-term trends ofpCO2during the
Late Cretaceous, across theK–Pg, andduring the Paleocene, it is paramount
to construct and comparemultiple high-resolution records of pCO2, tied to
the best-resolved chronostratigraphical schemes available. In time, this
will greatly enhance our knowledge of the sequence of events related to
the K–Pg mass extinction and lead to a deeper understanding of the role
and relative timing of changes in atmospheric composition, namely
pCO2, in relation to mass extinction events. Understanding these mecha-
nisms is particularly important in the context of the present biodiversity
crisis, where anthropogenic CO2 is being released at a rate comparable
only to past episodes of extraordinary perturbations to the carbon cycle
during and following mass extinctions. To better predict future impacts
on biodiversity and the Earth system during further increase in pCO2 and
global warming, we must utilize well-constrained proxy records from
comparable past events. Records of palaeo-pCO2 based on the stomatal
densities of fossil plants are particularly well-suited to this purpose, since
most plants respond to variations in atmospheric composition through
physiological changes, and can record pCO2 at very high resolution. The
stomatal proxy method, which relies upon leaf cuticle morphology, is not
affected by post-burial chemical alterations, in contrast to most other
pCO2 and temperature proxies (see, e.g., Coxall and Pearson, 2007; Bacon
et al., in press). Leaf cuticle morphology is generally well-preserved, with
the relationship between stomata and the epidermal cells accurately
reﬂected tens and hundreds of million years later (see Section 1.4 below
for details on the stomatal proxy). To date, few stomatal proxy-based K–
Pg pCO2 records exist, and all are from the Northern Hemisphere
(e.g., Royer, 2003; Retallack, 2009), with only one record including the
actual K–Pg boundary (Beerling et al., 2002). These records indicate
pCO2 of ca. 570–300 ppm for the Late Cretaceous to the early Paleocene,
with an overall trend of decreasing pCO2with time (Beerling et al., 2002;
Royer, 2003; Quan et al., 2009). A Southern Hemisphere Cenomanian
(early Late Cretaceous) pCO2 estimate of ca. 1000–1300 ppm supports
this trend (Mays et al., 2015). Extremely elevated pCO2 is indicated
across the K–Pg boundary by one record (Beerling et al., 2002), but the
K–Pg value is reconstructed using material from a completely different
plant group to the rest of the record and, thus, still needs to be tested.Here we present the ﬁrst Southern Hemisphere stomatal density
based pCO2 record across a K–Pg boundary succession. The study is
based onmultiple fossil Lauraceae leaf specimens from four stratigraph-
ical levels spanning the K–Pg boundary of New Zealand and illustrates
the global nature of perturbations around the K–Pg boundary event.
1.2. The New Zealand K–Pg boundary
New Zealand hosts the iconic iridium-enriched K–Pg boundary site,
Woodside Creek, described by Alvarez et al. (1980). Since this ﬁrst dis-
covery, the boundary clay has been identiﬁed in New Zealand within
the marine successions at mid-Waipara (Strong, 1984; Strong, 2000;
Vajda and Raine, 2003) and at two sites in non-marine settings:
Moody Creek Mine (Vajda et al., 2001; Vajda and McLoughlin, 2004)
and Compressor Creek (Ferrow et al., 2011). The fact that the New
Zealand K–Pg boundary layer is preserved both inmarine and terrestrial
settings makes New Zealand unique in that correlation and comparison
between the two settings within a restricted geographical area is
achievable. Themarine zonation scheme for the K–Pg boundary interval
is based chieﬂy on foraminifera (Strong, 1984, 2000) and dinoﬂagellates
(Willumsen, 2011, 2012), whereas pollen and spores are the basis for
the non-marine zonation (Raine, 1984; Vajda et al., 2001; Wanntorp
et al., 2011; Raine et al., 2015). Palynology serves as the primary link be-
tween the marine and non-marine systems because rich pollen and
spore assemblages occur in both settings (Vajda and Raine, 2003;
Willumsen and Vajda, 2010), and ﬂoristic turnovers are readily recog-
nized via high-resolution analysis (at centimetre scale). As in the North-
ern Hemisphere, the New Zealand K–Pg turnover is characterized by a
shift from a rich and diverse pre-impact ecosystem to impoverished
vegetation dominated by ferns (Vajda et al., 2001). This so-called
‘fern-spike’ is followed by the recovery of angiosperms, evident as a
spike in Triorites minor, and the subsequent establishment of a mature
ecosystem, albeit different from that preceding the catastrophic impact.
3In New Zealand, fossil macroﬂoras from terrestrial sequences play an
important role for K–Pg biodiversity studies. Apart from central North
America, this is the only geographical area globally with a preserved
terrestrial K–Pg sequence hosting plant macrofossils above and below
the boundary (Nichols and Johnson, 2008). Plant macrofossils have been
described from several New Zealand K–Pg sites (see Pole, 1992, 1995,
1998; Pole and Douglas, 1999; Kennedy, 2003; Kennedy et al., 2002;
Browne et al., 2008), in many cases with leaf cuticle preserved (Pole and
Vajda, 2009). Studies of the fossil macroﬂora, combined with palynology
(Mildenhall, 1980; Raine, 1984), indicate that during the Late
Cretaceous–Paleocene, New Zealand hosted a mixed conifer–
angiosperm vegetation, probably with conifers predominant in coal-
swamphabitats, and angiosperms dominant in better-drained,more clas-
tic habitats, such as levees. The conifers (primarily Araucariaceae and
Podocarpaceae) were diverse. The angiosperms included both evergreen
and deciduous elements (Pole, 2014) and taxa such as Nothofagaceae,
Lauraceae and Proteaceae (Mildenhall, 1980; Pole and Douglas, 1999).
The post K–Pg boundary environment was also characterized by a re-
duction in Araucariaceae (Pole, 2008) where, except for rare occurrences
of the oldest Agathis (Pole and Vajda, 2009), the Araucariaceae (which
typiﬁed the Late Cretaceous) vanish from the macrofossil record. Al-
though a diverse Paleocene conifer assemblage is known from Mt.
Somers, Paleocene cuticle assemblages are generally very low in diversity
— either dominated by a single taxon of Lauraceae, or Coniferales. This re-
gime shift can also be traced in the pollen record where bisaccate pollen
produced by podocarps replaces the Araucariaceae pollen.
1.3. Stratigraphy and geological setting
The Upper Cretaceous to mid-Cenozoic succession of the eastern
South Island of New Zealand (Fig. 1) was deposited in the context of a
regional westward marine transgression over a ﬂuvial plain (Wilson,
1956). This means that Upper Cretaceous coal measures are overlain
Fig. 1.Map showing locations of leaf cuticle samples, the continental K–Pg boundary sections at Moody Creek Mine and Compressor Creek (Vajda et al., 2001, 2004) and the marine
mid-Waipara River in New Zealand (Vajda et al., 2001).
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and their overlying strata occur further to the west. In the Otago region
(southeast South Island)ﬂuvial sediments of the coastal plain are gener-
ally assigned to the Taratu Formation (Ongley, 1939), whereas those to
the north in the Canterbury region are generally referred to the Broken
River Formation (Andrews and Field, 1987). Although there may be
some broad distinctions between the two formations, e.g., the sedi-
ments of the Taratu Formation are reported to be generally coarser-
grained than the Broken River Formation, they are difﬁcult to distin-
guish consistently. The pragmatic approach of Carter (1988), grouping
all Upper Cretaceous tomid-Cenozoic strata fromOtago and Canterbury
together in the Taratu Formation is, therefore, adopted here.
Late Cretaceous Lauraceae cuticle specimens (Fig. 2) derive from the
Kai Point CoalMine, Kaitangata, south of Dunedin (Fig. 1). Sampleswere
collected fromgreymudstone located between theKai Tuna and Barclay
coal seams of the Taratu Formation. Harrington (1958) formalized the
stratigraphic succession of the coal seams in the broader KaitangataCoalﬁeld. In his work, seven other major coal seams occur above the
Barclay seam, although some scepticism has been expressed in regard
to the simplicity of this stratigraphy (B.J. Douglas, pers. comm.). Upper
Cretaceous marine sediments occur above the coal measures at Brigh-
ton, just south of Dunedin, and lower Paleocene marine strata occur at
Wangaloa, on the eastern margin of the coalﬁeld. Palynological results
place the Kai Point Mine deposits into the PM2 palynological zone of
Raine (1984) — almost equivalent to the Haumurian local stage (from
ca. 70 Ma to the K–Pg boundary) giving a maximum age constraint
(Couper, 1960; Crouch, 1994; Raine, 1994; Vajda and Raine, 2010).
Browne and MacKinnon (1989) located the K–Pg boundary within
drill core material of the BenharMain Coal Seam of the Kaitangata Coal-
ﬁeld. If Harrington's (1958) stratigraphy is broadly correct (i.e., the
Benhar Main Coal Seam is the fourth major seam above the Barclay
seam), then the Kai Point Coal Mine samples will be around 100 m
below the K–Pg boundary. Most of the material between coal seams is
quartzose pebble-gravel, and therewas fault activity within ormarginal
bc
a
d
Fig. 2. Morphology of New Zealand Lauraceae leaf cuticle. (A–C): Micromorphology of Lauraceae cuticle from the latest Cretaceous (A) specimen number SL 6423, early Paleocene,
(B) specimen number SL 6146 and mid-Paleocene (C) specimen number SL 6127, viewed using light microscopy. Scale bar is 100 μm. (D) Macromorphology of the nearest living
equivalent Laurus nobilis. Leaf collected from Bergius Botanical Gardens, Stockholm. Total length including stalk: 4.5 cm.
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deposited relatively quickly. Based on the above evidence, we estimated
that the Kai Point Mine material is likely to be about 67 ± 1 Ma.
The early Paleocene Lauraceae cuticle specimens derive from two
sediment samples: Cave-34 and Cave-29 from the Taratu Formation at
Flock Hill in Canterbury (Fig. 1), west of Christchurch (Pole and Vajda,
2009). Although the precise K–Pg boundary was not located in the
ﬁeld, both samples are of Paleocene age based on palynological grounds
(Pole and Vajda, 2009). Cave-34 was collected about 1–5 m above the
inferred K–Pg boundary (Fig. 3) and lacks non-Agathis Araucariaceae,
but also lacks the higher conifer diversity found further up, in the youn-
ger part of the section (Pole and Vajda, 2009) indicating that it repre-
sents the early part of the post-extinction recovery succession. Cave-
29 is estimated to derive from about 25 m above the inferred position
of the K–Pg boundary. This level has a highly distinctive compliment
of dispersed cuticle, lacking non-Agathis Araucariaceae, but having a di-
verse range of other conifers (Pole and Vajda, 2009). No Lauraceae cuti-
cles were found in the Upper Cretaceous part of the succession at Flock
Hill and, therefore, only Paleocene data could be included from this lo-
cality. Importantly, in Upper Cretaceous beds at Flock Hill, non-Agathis
Araucariaceae are ubiquitous (as they appear to be at other sites hosting
Upper Cretaceous strata in New Zealand), but overall conifer diversity is
low (Pole and Vajda, 2009). The age of the Flock Hill material was esti-
mated by Pole andVajda (2009) at 64±1Ma based on the outdated as-
sumption that the K–Pg boundary is 65 million years old. However, this
is now revised due to newdating of the K–Pg boundary to 66Ma (Renne
et al., 2015). New date estimates for the two Flock Hill samples used
in this study are a maximum age at 65.9 ± 0.1 Ma and 65.5 ± 0.5 Ma
respectively (see Table 1).
The mid-Paleocene cuticles come from one sample of Taratu Forma-
tion at the Mount Somers Coal Mine (Fig. 1), Canterbury, southwest
of Christchurch (van der Lingen, 1988; Pole, 1998). Palynological
work (Raine and Wilson, 1988) identiﬁed dinoﬂagellate cysts from im-
mediately above the coal measures indicating the Palaeocystodinium
australinum Zone of Wilson (1984). This is correlated with the lower–
middle Teurian Stage. Miospores from the coal measures indicated
Zone PM3 of Raine (1984), correlated with the Teurian and earlierpart of the Waipawan stages. Thus the plant fossils are dated as mid-
Paleocene (Danian–Selandian), and estimated to be 60 ± 2 Ma.
To summarize, the Lauraceae leafmaterial studied here derives from
stratigraphically well-constrained sedimentary sections from the South
Island of New Zealand, between the Maastrichtian and mid-Paleocene.
1.4. Stomatal densities as proxy for ancient atmospheric CO2 concentrations
Carbon is acquired for photosynthesis from atmospheric CO2
through microscopic pores on plant leaf surfaces called stomata, while
water vapour and oxygen are simultaneously lost by diffusion. To pre-
serve water, most plant species regulate the density of stomata —
initiating fewer stomata when carbon is readily available in times of
high pCO2 and vice versa. This inverse relationshipwas initially reported
by Woodward (1987) who, studying data from herbarium material,
established that various modern tree species have responded to the an-
thropogenic rise in pCO2 by reducing their stomatal densities (SD) sig-
niﬁcantly. Stomatal densities can also be quantiﬁed as stomatal index
(SI — the percentage of stomata in relation to the number of epidermal
cells) as deﬁned by Salisbury (1927). It has been shown that SI is pri-
marily controlled by atmospheric pCO2, whereas additional ecological
inﬂuences may partially obscure the SD pCO2 signal. Owing to this
now well-established inverse relationship, stomatal densities of fossil
plants can be utilized to reconstruct past pCO2. Numerous such studies
have been undertaken in recent decades using diverse plant taxawithin
different climatic and ecological contexts from the Paleozoic to present,
with increasingly close matches emerging between stomatal proxy
pCO2 results, independent proxy records, actual pCO2 measurements
and, in some cases, climate modelling (e.g., Kürschner et al., 1996;
McElwain, 1998; Retallack, 2001; Royer, 2001; Beerling et al., 2002;
Rundgren and Björck, 2003; Haworth et al., 2005; Finsinger and
Wagner-Cremer, 2009; Barclay et al., 2010; Foster et al., 2012;
Steinthorsdottir et al., 2013, 2016; Grein et al., 2011, 2013; Mays et al.,
2015; Steinthorsdottir and Vajda, 2015; Wu et al. 2016). Strongly
supporting the validity of the stomatal proxy is also the identiﬁcation
of the mechanism by which plants control their stomatal densities
based on atmospheric pCO2: Plants use the enzyme carbonic anhydrase
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(early shoots) then control stomatal development of younger leaves
through long-distance signalling (Lake et al., 2001), involving the HIC
gene signalling pathway (Brownlee, 2001; Gray et al., 2000).
In order to transform stomatal data from fossil plant assemblages
into palaeo-pCO2 estimates, it is necessary to compare with stomatal
data from extant plants that are either relatives or in other ways corre-
spond to the fossil plants, e.g., structurally or ecologically (McElwain
and Chaloner, 1995). The stomatal response of extant and fossil plants
has often been reported to be species-speciﬁc (Kürschner et al., 1996;
Royer, 2001; Haworth et al., 2010) but, in some cases, plants identiﬁed
only to generic level have successfully been employed for this purpose
(Barclay et al., 2010; Steinthorsdottir et al., 2011). Since it is not always
possible to identify fossil leaves to species level, and because many
species do not have long chronological ranges in the geological record,
this is an important alternative for deep time pCO2 reconstruction, albeit
associatedwith larger errors thanwhen using intra-speciﬁc data. Longi-
tudinal studies of extant plants have also shown that SI can bemeaning-
fully related to a plant's life habit (Kelly and Beerling, 1995), providing
the possibility that the SI of unrelated or distantly related plants can
still be used as a pCO2 indicator, given very similar habitat and ecological
role. Therefore, nearest living relatives (NLRs), typically deﬁned as the
same species, should be used when possible, but when an NLR is not
available, the nearest living equivalent (NLE) can be used instead, de-
ﬁned as an extant species of comparable ecological niche and/or physi-
ological structure to their fossil counterpart (McElwain and Chaloner,
1995). Three principal methods of estimating palaeo-pCO2 are widely
in use today: 1, the stomatal ratio method, which uses the ratio between
the SI of fossil plants and the SI of selected NLEs, grown in known pCO2,
in order to estimate palaeo-pCO2 (McElwain and Chaloner, 1995;
McElwain., 1998); 2, the transfer function method, which relies on her-
barium and/or experimental datasets of NLR/NLE responses to variations
in pCO2 (Wagner et al., 1999; Royer, 2001; Beerling et al., 2002), and 3,
the more recently established, taxon-independent gas exchange model-
ling approach (e.g., Konrad et al., 2008; Franks et al., 2014). Utilizing the
single-taxon nature of our dataset, we reconstructed pCO2 surrounding
the K–Pg boundary using the stomatal ratio and the transfer function
methods. The speciﬁc methodology employed when performing the
palaeo-pCO2 calibrations is detailed in Section 2 below.
2. Material and methods
2.1. Lauraceae leaf database
In total, 28 specimens of dispersed Lauraceae cuticles from the
Taratu Formation were analysed (Fig. 2 and Table 1). The specimen
slides are hosted at the School of Environment, the University of Auck-
land, New Zealand. The succession spans the Cretaceous–Paleogene
boundary (Haumurian–Teurian boundary when referring to the New
Zealand stratigraphic zonation). These derive from three distinct strati-
graphic intervals throughout the investigated succession; ten speci-
mens from the Upper Haumurian/Maastrichtian (67 ± 1 Ma) of the
Kai Point Coal Mine, ten from the lowermost Danian/Teurian of Flock
Hill, and eight from the Teurian of Mt. Somers (60 ± 2 Ma). No dis-
persed cuticles were found at the K–Pg boundary itself, but the Flock
Hill material in particular is considered very close stratigraphically.
The Flock Hill material could be further segregated into two samples
(Table 1); six leaves from locality Cave-34, 1–5 m above the K–Pg
boundary (65.9 ± 0.1 Ma) and four leaves from locality Cave-29,
20–25 m above the boundary (65.5 ± 0.5 Ma).
Dispersed cuticle was identiﬁed as belonging to Lauraceae based on
micro-morphology. Lauraceae cuticle is characterized by paracytic sto-
mata in which the subsidiary cells overarch the guard cells and have
cuticular scales in between (Hill, 1986). This combination of characters
is distinctive, butmight yet be found to extend to other taxa, particularly
in the Late Cretaceous. However, this cuticle morphology forms acommon component of the Australasian fossil record throughout the
Cenozoic, and in the extant Lauraceae of the same area (e.g., Vadala
and Greenwood, 2001; Pole, 2007). This continuity gives strong support
that the fossils are correctly identiﬁed as Lauraceae. In addition,
Lauraceae wood has been identiﬁed as far back as the Late Cretaceous
of Antarctica (Poole et al., 2000).
The epidermal cuticle surface morphology of all the specimens of this
study is fairly generalized (Fig. 2). Epidermal cells are small, quadratic to
rectangular-polygonal, typically ca. 15–20 μm along the long axis and ca.
8–12 μm along the short axis, cell walls are straight (no or little undula-
tion) and commonly thick. Trichome-attachment scars are always
present, in some specimens abundantly and mostly located on veins, oc-
curring less abundantly on areoles. Stomata are paracytic, densely present
in inter-vein areas, and easily identiﬁed. The length of the stomatal pore
is ca. 8.5–10 μm. The overall shape of the stomatal complexes is
rectangular–circular and many appear lighter than the surrounding epi-
dermal cells, indicating that the stomatal cuticle is thinner. Veins consist
of rows of several epidermal cells (ca. 7–8 × 20–25 μm), which are some-
what narrower and more elongated than areolar epidermal cells. Tri-
chome attachments are small, circular in cross-section, with thickened
cuticle around the detachment zone and surrounded by ca. 20 μm long
epidermal cells in actinocytic arrangement (Fig. 2).
2.2. Laboratory methods
Sample preparation involved several steps. Sediment was ﬁrst
disaggregated in hot water and hydrogen peroxide. The residue was sub-
sequently sieved to retain fragmentary plant material, which was then
heated in concentrated hydrogen peroxide for several hours until cleared
cuticle fragments were obtainable. Any adhering silica was removedwith
hydroﬂuoric acid, the cuticle stained with saffranin, and the fragments
then mounted on microscope slides with thymol glycerine jelly.
Ten Lauraceae leaf specimens were analysed from the Kai Point Coal
Mine and Flock Hill respectively and eight from the Mt. Somers locality
(Table 1). The abaxial epidermal cuticle surface was photographed at
×200 magniﬁcation using a mounted Leica camera (Leica DF310 FX)
with an epiﬂuorescence microscope, and associated software. Seven
images were secured for each specimen, evenly distributed across the
mid-leaf areas, away from the margin, midrib and veins to minimize vari-
ation, according to the recommended methodology of Poole and
Kürschner (1999). Imageswere annotated for delimitation of areas for sto-
matal counts using the software ImageJ (1.46 h; http://imagej.nih.gov/ij)
by engraving 300 × 300 μm or 200 × 200 μm sized grids on each image.
2.3. Stomatal analysis and calibration of palaeo-pCO2
Stomatal frequency is quantiﬁedmost reliably as stomatal index (SI)
as detailed in Section 1.4 above. All cells (stomata and epidermal cells)
within the annotated grids were counted and SI calculated as SI
(%) = [SD / (SD + ED)] × 100, where SD is the stomatal density and
ED is the epidermal cell density. Seven images, sensu Poole and
Kürschner (1999) were counted for each specimen and the mean
obtained for stomatal index. Themean valueswere conﬁrmedby cumu-
lative mean statistical analysis, showing statistically stable values
obtained by 4–5 counts per specimen and 5–6 cuticle specimens from
each of the three stratigraphical levels (Table 1).
In order to calibrate the palaeo-pCO2 inferred from the stomatal in-
dices, we used two previously published transfer functions and the sto-
matal ratio method. The two transfer functions chosen were originally
constructed for Miocene extinct Lauraceae (see Kürschner et al.,
2008). One transfer function is based on the extant species Laurus nobilis
(laurel or ‘bay leaves’), independently calibrated on historical sets of her-
barium material, and the other on the extinct species Laurophyllum
pseudoprinceps, established by cross-calibrationwith L. nobilis andGinkgo
biloba. To account for the non-linear response of SI to pCO2, the herbari-
um SI data and historical pCO2 were log-transformed, resulting for
Average CO2  (ppm)
M
illi
on
 y
ea
rs
56
58
60
62
64
66
68
70 C
re
ta
ce
ou
s
Pa
le
og
en
e
H
au
m
ur
ia
n
M
aa
st
ric
ht
ia
n
D
an
ia
n
Te
ur
ia
nSe
la
nd
ia
n
Th
an
et
ia
n
Pe
rio
d
Ag
e
N
ew
 Z
ea
la
nd
St
ag
es
0
Kai Point coal mine
Flock Hill
Mt Somers coal mine
Pa
le
oc
en
e
Up
pe
r
Ep
oc
h
L. nobilis
L. pseudoprinceps
Stomatal ratio
300 400 500 600 700200
Fig. 3. Average stomatal proxy-based pCO2 across the New Zealand K–Pg boundary cali-
brated with each of the three calibration methods used. Blue diamonds and red squares
denote pCO2 calibrated with transfer functions based on Laurus nobilis and Laurus
pseudoprinceps and green triangles denote pCO2 calibrated using the stomatal ratio meth-
od, with L. nobilis as nearest living equivalent. Error bars show standard deviation. On
average, pCO2 decreases by ca. 45% from the end-Cretaceous to the mid-Paleocene.
Table 1
The New Zealand stomatal density dataset and pCO2 calibrations for individual cuticle specime
International
chrono-stratigraphy
New Zealand
stratigraphy
Age (Ma) Taratu formation
locality
Leaf specimen
number
S
(
c
Mid-Paleocene
(Selandian)
Teurian 60 ± 2 Mt. Somers SL 6125 1
SL 6126 1
SL 6127 1
SL 6129 1
SL 6130 1
SL 6208 2
SL 6209 1
SL 6210 1
Mean: 1
Earliest Paleocene
(Danian)
Teurian 65.5 ± 0.5 Flock Hill/Cave-29
5–25 m above K–Pg
SL 6139 1
SL 6143 1
SL 6146 1
SL 6147 1
Mean: 1
Earliest Paleocene
(Danian)
Teurian 65.9 ± 0.1 Flock Hill/Cave-34
1–5 m above K–Pg
SL 6116 1
SL 6118 1
SL 6121 1
SL 6123 1
SL 6122 1
SL 6124 1
Mean: 1
Late Cretaceous
(Maastrichtian)
Haumurian 67 ± 1 Kai Point coal
mine/Kaitangata
SL 6409
SL 6410
SL 6411
SL 6412
SL 6416
SL 6417
SL 6418
SL 6420
SL 6423 1
SL 6137
Mean:
The bold entries show the mean results for each locality/ time.
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pCO2palaeo ¼ 102:9567− 0:4284 log SIfossilð Þ½ :
The cross-calibration for L. pseudoprinceps resulted in a relationship of:
pCO2palaeo ¼−46:011 SIfossil þ 993:37:
In addition, we used the palaeo-pCO2 calibration of McElwain and
Chaloner (1995), generally referred to as the stomatal ratio method,
which utilizes the ratio between stomatal indices of fossil plants and
their nearest living relatives or equivalents (NLR or NLE) in relation to
the ratio between known pCO2 (modern) and palaeo-pCO2. Modern
pCO2 is typically set at 300 ppm (preindustrial concentration). The
ratio between post-Paleozoic stomatal index and modern stomatal
index is estimated to be 1:1 (McElwain andChaloner, 1995). The stoma-
tal ratio calibration is thus expressed by the equation:
pCO2palaeo ¼ SINLE=SIfossil  pCO2modern:
The NLE selected for this study is L. nobilis, with SINLE of 18.32% at
300 ppm pCO2 (Kürschner et al., 2008).
3. Results
3.1. Stomatal indices across the K–Pg
SI obtained using 10 Lauraceae leaf specimens from the
Maastrichtian of the Kaitangata coal ﬁeld locality is 8.63% (St. dev.ns, averages listed with standard deviations.
I (%) pCO2 (ppm) pCO2 (ppm) pCO2 (ppm) pCO2
(ppm)
Mean of 5–7
ounts)
Transfer function,
L. nobilis
Stomatal ratio,
L. nobilis
Transfer function,
L. pseudoprinceps
Average
8.69 ±0.62 297.67 294.06 – 295.87
7.77 ±1.03 306.05 309.29 – 307.67
4.92 ±0.52 336.93 368.36 306.89 337.39
3.60 ±0.59 354.54 404.12 367.62 375.43
8.50 ±0.58 299.35 297.08 – 298.22
1.90 ±0.42 272.83 250.96 – 261.89
7.30 ±0.49 310.60 317.69 – 314.14
6.30 ±0.88 320.94 337.18 243.39 300.50
7.37 ±2.54 312.36 ±25.21 322.34 ±47.44 305.97 ±62.12 311.39 ±33.34
1.00 ±0.30 398.42 499.64 487.25 461.77
3.80 ±0.35 351.71 398.26 358.42 369.46
4.50 ±0.40 342.27 379.03 326.21 349.17
3.90 ±0.34 350.31 395.40 353.82 366.51
3.30 ±1.56 360.68 ±25.5 418.08 ±55.0 381.43 ±72.0 386.73 ±50.8
1.39 ±0.65 390.86 482.53 469.30 447.56
7.74 ±0.43 306.34 309.81 177.13 264.43
3.30 ±0.47 358.92 413.23 381.42 384.52
2.07 ±0.29 378.59 455.34 438.02 423.98
2.72 ±0.40 367.83 432.08 408.11 402.67
1.40 ±0.36 390.67 482.11 468.84 447.21
3.10 ±2.39 365.54 ±31.61 429.18 ±64.57 390.47 ±110.02 395.73 ±68.12
8.66 ±0.08 454.42 634.64 594.91 561.33
9.77 ±0.07 425.26 562.54 543.84 510.55
6.94 ±0.26 513.26 791.93 674.05 659.75
8.85 ±0.47 449.03 621.02 586.17 552.07
8.30 ±0.17 465.16 662.17 611.48 579.60
8.40 ±0.30 462.10 654.29 606.88 574.42
9.50 ±0.27 431.87 578.53 556.27 522.22
6.80 ±0.66 519.04 808.24 680.50 669.26
0.8 ±0.08 402.46 508.89 496.45 469.27
8.29 ±0.34 465.46 662.97 611.94 580.12
8.63 ±1.22 458.81 ±36.26 648.52 ±93.83 596.25 ±55.93 567.86 ±61.86
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Flock Hill locality is 13.18% (St. dev. ±2.00) on average, an increase of
over 50%. The two separate FlockHill samples, Cave-34 and Cave-29, re-
cord remarkably similar SI values, of 13.10% (St. dev.±2.39) and 13.30%
(St. dev. ±1.56) respectively, illustrating the robustness of the stomatal
signal. SI continued to increase, arriving at a mean value of 17.37%
(St. dev. ±2.54) for the mid-Paleocene leaf material from Mt. Somers.
This demonstrates a very signiﬁcant increase since the Maastrichtian
of over 100% and, therefore, a large-scale decrease of pCO2 during the
ca. 10 million year interval.3.2. CO2 concentrations across the K–Pg
The SI values reported above, calibrated using two separate transfer
functions and the stomatal ratio method with L. nobilis as NLE and the
extinct L. pseudoprinceps as inferred NLE, recorded latest Cretaceous
Maastrichtian pCO2 levels in the range of ca. 460 ppm to ca. 650 ppm
based on the span of the average values of the three different methods,
with an overall mean pCO2 value of ca. 570 ppm (see Table 1 and Figs. 3
and 4). During the earliest Paleocene (Danian), pCO2 values were in the
range of ca. 360 ppm to ca. 430 ppm, with a mean pCO2 value of ca.
390 ppm. Finally in the mid-Paleocene Selandian atmosphere pCO2
levels had decreased further to between ca. 305 and 320 ppm, with an
overall mean value of ca. 310 ppm (Table 1, Figs. 3, 4). Although the
total range of the pCO2 levels is considerably larger for each time inter-
val when considering the full range of values obtained from each cali-
bration method (see Fig. 3 and Table 1), this translates to a decrease in
pCO2 of ca. 30% across the K–Pg, and a total of ca. 45% between the
Maastrichtian and the Selandian. Interestingly, the range in pCO2 values
between the three calibration methods is much larger in the high-pCO252
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Fig. 4.Overall average of three calibrations of pCO2 from the four stratigraphic levels across the K
stomatal proxy-based pCO2 from the Northern Hemisphere (Ginkgo, fern). Laurel error bars den
similarmanner to global changes in pCO2 across the K–Pg boundary. Note that the age of previou
at 66 Ma following Renne et al. (2015).Maastrichtian (almost 200 ppm), than it is in the lower-pCO2 earliest
Danian (ca. 60 ppm), and later Selandian (less than 20 ppm).4. Discussion
The results presented here are theﬁrst SouthernHemisphere stoma-
tal proxy-based pCO2 record across the important K–Pgmass extinction
interval. Although the Lauraceae dataset beneﬁts from deriving from a
single-taxon, being of statistically robust size, is stratigraphically well-
constrained and spanning the K–Pg boundary, it also has some short-
comings in having relatively low resolution—the ﬁrst post K–P bound-
ary sample being located ca. 1–5 m above the boundary. Although the
Late Cretaceous and mid-Paleocene pCO2 values are clearly comparable
to previously publishedNorthernHemisphere values (see Fig. 4), the re-
ported large spike in pCO2 immediately following the K–Pg (Beerling
et al., 2002) is not reproduced. Below we compare our results with
previously published records and discuss the implications for the role
of pCO2 for the K–Pg boundary event.
Very few previously published stomatal proxy-based pCO2 recon-
structions exist for the Late Cretaceous and Paleocene. All derive from
the Northern Hemisphere, and only one records pCO2 levels across the
K–Pg. Late Campanian pCO2 based on SI of Ginkgo adiantoides from
China (Quan et al., 2009) is reported to be ca. 560–570 ppm, thus almost
identical to the late Maastrichtian value of 568 ppm based on our data
set of New Zealand Lauraceae fossils (Fig. 4, Table 1). Paleocene recon-
struction and compilation using G. adiantoides and Metasequoia from
USA, Canada, Scotland and Norway (Royer, 2003) also support the
longer-term decrease in pCO2 across the K–Pg and into the Paleocene
to ca. 300 ppm suggested by our mid-Paleocene Lauraceae datapoints
(Fig. 4). The overall decrease in pCO2 is furthermore independently600 800 2500
Beerling et al., 2002
This study
Beerling and Royer, 2002
Quan et al., 2009
 (ppm)
Ginkgo
 
Laurel >2300 ppm
fern
–Pg boundary inNew Zealand presented here (Laurel), compared to previously published
ote standard deviation. The ﬁgure illustrates that stomatal densities were responding in a
sly published data sets has been calibrated to themore recent dating of the K–Pg boundary
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Deccan volcanism weathering of basalt (Dessert et al., 2001).
Beerling et al. (2002) provided the only high resolution K–Pg bound-
ary pCO2 stomatal record. Their study spans twomillion years across the
boundary, utilizing G. adiantoides from USA and Norway to establish
pCO2 levels for the Late Cretaceous and early Paleogene, but cuticles de-
rived from the evergreen fern aff. Stenochlaena were used to calculate
the pCO2 for the time period immediately following the K–Pg event
(as G. adiantoideswas not found in the immediate post K–Pg boundary
beds). Beerling et al. (2002) recorded pCO2 levels of ca. 540 ppm for the
Maastrichtianwith a decreasing pCO2 trend to ca. 350 ppm for the early
Danian (see Fig. 4) based on the G. adiantoides leaves. Beerling et al.
(2002), however, also reported the presence of a large transient spike
of pCO2 (N2300 ppm) immediately following the K–Pg boundary
event, indicating an enormous increase in pCO2 within 10,000 years fol-
lowing the event. Using understory plants instead of canopy plants for
this interval has potentially biased the record. For example, Kürschner
(1997) showed that leaves receiving full insolation onto the surface
(sun leaves) and leaves that are shaded within the canopy (shade
leaves) may develop different SI values, even when belonging to the
same plant. A study using a mix of canopy (Ginkgoales and Coniferales
trees) and mid-canopy to understory plants (Bennettitales: shorter
trees or shrubs) across the Triassic–Jurassic boundary showed a large
difference in the SI values between the two types of plants, although
the magnitude of the response was comparable (Steinthorsdottir et al.,
2011).
The Northern Hemisphere results of Beerling et al. (2002) are excep-
tionally compatible with the New Zealand Maastrichtian and Danian
pCO2 estimates presented here based on Lauraceae cuticles. However,
we cannot test whether the single major K–Pg boundary spike in CO2
identiﬁed by Beerling et al. (2002) reﬂects changes to atmospheric
pCO2 as our oldest post K–Pg Lauraceae leaf record occurs 1–5 m
above the boundary. Although the time interval represented by this
ﬁve metres is difﬁcult to estimate, the ﬁrst sampled level occurs well
above the initial recovery phase (i.e., well above the ‘fern spike’). In
the New Zealand post K–Pg record, the stratigraphic extent of the fern
spore-dominated interval ranges between 25 cm (at the marine mid-
Waipara section) and 40 cm (at Moody Creek Mine and Compressor
Creek), reﬂecting different sedimentation rates. Judged from the high
abundance (85%) of podocarpaceous pollen grains in the Lauraceae-
producing bed at Flock Hill (Pole and Vajda, 2009), this interval instead
represents a phase when conditions began to stabilize. This means that
with the comparatively low resolution,we could not identify the imme-
diate post-mass extinction atmospheric composition in our New
Zealand material. More research involving consistent, preferably
single-taxon, high-resolution plant cuticle databases across the K–Pg
boundary event is needed in order to ultimately test the presence of
the enormous short-lived increase in pCO2 immediately following the
K–Pg boundary. This has so far proved challenging, due to the large en-
vironmental upheaval and biodiversity crises characterizing the K–Pg,
typically resulting in disappearance of taxa or interruption in their
presence across the boundary, but should remain a priority research
goal of the palaeo-pCO2 proxy community.
5. Conclusions
The terrestrial stomatal proxy-based pCO2 record presented here,
using fossil Lauraceae leaves from South Island, New Zealand, is the
ﬁrst record spanning the latest Cretaceous to the mid-Paleocene
(Maastrichtian–Selandian) from the Southern Hemisphere. We used
the stomatal proxy method and two separate transfer functions, based
principally on L. nobilis as the nearest living equivalent, to reconstruct
three independent pCO2 records. The records both independently
and together indicate that pCO2 decreased signiﬁcantly (by ca. 45%)
throughout this time interval, from ca. 570 ppm in the latest Cretaceous
to ca. 310 ppm in the late Paleocene. These results agree with the pCO2‘background range’ of previously published Late Cretaceous to Paleo-
cene stomatal proxy records, but do not record a transient spike of
extremely elevated pCO2 directly following the K–Pg boundary event.
The results presented here suggest that this transient spike was short-
lived, requiring very high resolution to detect but, nonetheless, that
stomatal density worldwide was responding in a highly comparable
manner to signiﬁcant changes in pCO2 during the Late Cretaceous and
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